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(57) ABSTRACT 

Systems and methods for reducing beam instability in laser 
annealing are disclosed. The method includes: directing a 
conditioned laser beam through an opening in an aperture 
using a beam-redirecting element; forming a line image on 
the Surface of the semiconductor wafer by imaging the 
aperture onto the Surface, thereby locally heating the Surface 
to form an annealing temperature distribution; detecting a 
thermal emission from the locally heated wafer surface; 
determining the annealing temperature distribution from the 
detected thermal emission; determining from the annealing 
temperature distribution a line-image intensity profile that 
includes a time-varying amount of slope; and adjusting the 
beam-redirecting element to redirect the laser beam to 
reduce or eliminate the time-varying amount of slope in the 
line-image intensity profile. 

23 Claims, 7 Drawing Sheets 
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1. 

SYSTEMS AND METHODS FOR REDUCING 
BEAM NSTABILITY IN LASER ANNEALNG 

FIELD 

The present disclosure relates to laser annealing, and in 
particular relates to systems and methods for reducing beam 
instability in laser annealing. 
The entire disclosure of any publication or patent docu 

ment mentioned herein is incorporated by reference, includ 
ing U.S. Pat. Nos. 6,747,245; 7,098,155; 7,157,660; 7,763, 
828; 8,014,427; 8,026,519; 8,309,474; 8,501,638; 8,546, 
805; 8,691,598 and U.S Publication No. 2013/0330844. 

BACKGROUND 

Laser annealing (also called laser spike annealing, laser 
thermal annealing, laser thermal processing, etc.) is used in 
semiconductor manufacturing for a variety of applications, 
including for activating dopants in select regions of devices 
(structures) formed in a semiconductor wafer when forming 
active microcircuits such as transistors and related types of 
semiconductor features. 
One type of laser annealing involves the formation of a 

line-shaped intensity profile that is scanned over the wafer 
by moving the line image, moving the wafer, or a combi 
nation of these two movements. The line image is scanned 
in a 'scan direction,” which is perpendicular to its long axis. 
Some spatial variation in the intensity in the line image 
along the scan direction (i.e., the short axis of the line image) 
can be tolerated since the non-uniformities are averaged out 
as the line image moves over the wafer. On the other hand, 
the spatial variation of the intensity profile in the “cross 
scan direction of the line image needs to be tightly con 
trolled to achieve consistent annealing results over the scan 
path of the line image. 
One approach to defining the length of a line image 

involves passing light through an aperture defined by oppos 
ing knife edges. The light passing through the aperture is 
then imaged by a relay optical system to the wafer. In this 
type of line-imaging optical system, it has been observed 
that the intensity profile of the line image in the long 
direction undergoes time-varying changes. In many cases 
the changes manifest as a “tilt' (i.e., change in slope) in the 
intensity profile, and over time this tilt may shift, with the 
profile slope varying in time and even changing sign (e.g., 
the slope may change from positive to negative). This type 
of beam profile instability is also referred to as “beam 
wobble.” This phenomenon can reduce the uniformity of the 
laser annealing process. 

SUMMARY 

An aspect of the disclosure is a method of forming a line 
image during laser annealing of a surface of a semiconductor 
wafer. The method includes: directing a conditioned laser 
beam through an opening in an aperture using a beam 
redirecting element; forming a line image on the Surface of 
the semiconductor wafer by imaging the aperture onto the 
Surface, thereby locally heating the Surface to form an 
annealing temperature distribution; detecting a thermal 
emission from the locally heated wafer Surface; determining 
the annealing temperature distribution from the detected 
thermal emission; determining from the annealing tempera 
ture distribution a line-image intensity profile that includes 
a time-varying amount of slope; and adjusting the beam 
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2 
redirecting element to redirect the laser beam to reduce or 
eliminate the time-varying amount of slope in the line-image 
intensity profile. 

Another aspect of the disclosure is a laser annealing 
system for annealing the Surface of a wafer and that reduces 
or Substantially eliminates beam instability in a line image 
formed at the wafer Surface, comprising in order along an 
optical axis: a laser system that emits a laser beam; a 
beam-conditioning system that receives the laser beam and 
forms a conditioned laser beam; a beam-redirecting element 
configured to receive and selectively redirect the condi 
tioned laser beam in response to a control signal; an aperture 
that defines an opening through which different portions of 
the conditioned laser beam pass depending on the redirec 
tion of the conditioned laser beam by the beam-redirecting 
element; a relay system operably arranged between the 
aperture and the wafer and configured to image the aperture 
at the wafer surface to form the line image, wherein the line 
image locally heats the wafer Surface to form an annealing 
temperature distribution; a thermal emission detector 
arranged to detect a thermal emission from the locally 
heated wafer Surface and generate a thermal emission signal 
representative of the thermal emission; and a controller 
operably connected to the beam-deflecting element and the 
thermal emission detector, the controller being configured to 
receive the thermal emission signal and calculate therefrom 
a line-image intensity having a time-varying slope and to 
provide the control signal to the beam-redirecting element to 
cause the beam-redirecting element to redirect the condi 
tioned laser beam relative to the aperture to reduce or 
Substantially eliminate the time-varying slope of the line 
image intensity. 

Another aspect of the disclosure is a method of reducing 
a time-varying change of an intensity profile of a line image 
formed during laser annealing of a Surface of a semicon 
ductor wafer. The method includes: a) directing a condi 
tioned laser beam to a beam-redirecting element so that the 
conditioned laser beam passes through an opening defined 
by an aperture; b) forming a line image on the Surface of the 
semiconductor wafer by imaging the aperture on the wafer 
Surface, thereby locally heating the Surface to form a time 
varying annealing temperature distribution; c) detecting a 
time-varying integrated thermal emission over a wavelength 
band from the locally heated wafer surface; d) determining 
the time-varying annealing temperature distribution from 
the detected time-varying integrated thermal emission; e) 
determining from the time-varying annealing temperature 
distribution the time-varying change in the line-image inten 
sity profile; and f) adjusting a beam-redirecting element to 
redirect the conditioned laser beam relative to the opening in 
the aperture to reduce or eliminate the time-varying change 
of the line-image intensity profile. 

Another aspect of the disclosure is a laser annealing 
system for annealing the Surface of a wafer and that reduces 
or Substantially eliminates beam instability in a line image 
formed at the wafer Surface, comprising in order along an 
optical axis: a laser system that emits a laser beam; a 
beam-conditioning system that receives the laser beam and 
forms a conditioned laser beam; a beam-redirecting element 
configured to receive and selectively redirect the condi 
tioned laser beam in response to a control signal; a knife 
edge aperture that defines an opening through which differ 
ent portions of the conditioned laser beam pass depending 
on the redirection of the conditioned laser beam by the 
beam-redirecting element; a relay system operably arranged 
between the knife-edge aperture and the wafer and config 
ured to image the knife-edge aperture at the wafer Surface to 
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form the line image, wherein the line image locally heats the 
wafer Surface to form an annealing temperature distribution; 
a thermal emission detector arranged to detect a thermal 
emission from the locally heated wafer Surface and generate 
a thermal emission signal representative of the thermal 
emission; and a controller operably connected to the beam 
deflecting element and the thermal emission detector, the 
controller being configured to receive the thermal emission 
signal and calculate therefrom a line-image intensity having 
a time-varying change and to provide the control signal to 
the beam-redirecting element to cause the beam-redirecting 
element to redirect the conditioned laser beam relative to the 
aperture to reduce or Substantially eliminate the time-vary 
ing change of the line-image intensity. 

Additional features and advantages are set forth in the 
Detailed Description that follows, and in part will be readily 
apparent to those skilled in the art from the description or 
recognized by practicing the embodiments as described in 
the written description and claims hereof, as well as the 
appended drawings. It is to be understood that both the 
foregoing general description and the following Detailed 
Description are merely exemplary and are intended to pro 
vide an overview or framework to understand the nature and 
character of the claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings are included to provide a 
further understanding and are incorporated in and constitute 
a part of this specification. The drawings illustrate one or 
more embodiment(s), and together with the Detailed 
Description serve to explain principles and operation of the 
various embodiments. As such, the disclosure will become 
more fully understood from the following Detailed Descrip 
tion, taken in conjunction with the accompanying Figures, in 
which: 

FIG. 1 is a schematic diagram of an example of a laser 
annealing system 10 according to the disclosure; 

FIG. 2 is a more detailed schematic diagram of another 
example laser annealing system wherein the optical axis is 
folded by a number of fold mirrors, and the beam-redirecting 
element comprises a movable (rotatable) mirror; 

FIG. 3 is a plot of the black-body thermal emission 
intensity I (arbitrary units) versus wavelength W(nm), with 
the shaded area indicating the integration range of the 
CMOS-based thermal emission detector; 

FIG. 4 is a plot of the thermal emission signal SE 
(arbitrary units) from the CMOS-based thermal emission 
detector versus temperature T ( C.), along with a fitted 
curve based on T" power law; 

FIGS. 5A through 5C are plots of the line-image intensity 
profile I(x,t) versus X (the long axis direction of the line 
image) at different times t, showing a normal profile with a 
flat top (i.e., M=0; FIG. 5A) and showing two examples 
where the slope is positive (FIG. 5B) and negative (FIG.5C) 
due to beam instability; 

FIGS. 6A and 6B are close-up views of the beam 
redirecting member of FIG. 1 shown oriented at redirection 
(tilt) angles of +0 and -0, respectively, and showing the 
different portions of the redirected and conditioned wave 
fronts passing through the knife-edge aperture; and 

FIGS. 7A and 7B are plots of the line-image intensity 
profile I(X) versus X for the beam-redirecting-mirror rota 
tion-angle change from 0–0 to +0 angles (FIG. 7A) and the 
beam-redirecting-mirror rotation-angle change from 0–0 to 
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4 
-0 angles (FIG. 7B), showing how the change in rotation 
angle creates the same effect in the line-image intensity as in 
the beam instability. 

DETAILED DESCRIPTION 

Reference is now made in detail to various embodiments 
of the disclosure, examples of which are illustrated in the 
accompanying drawings. Whenever possible, the same or 
like reference numbers and symbols are used throughout the 
drawings to refer to the same or like parts. The drawings are 
not necessarily to scale, and one skilled in the art will 
recognize where the drawings have been simplified to illus 
trate the key aspects of the disclosure. 
The claims as set forth below are incorporated into and 

constitute a part of this Detailed Description. 
Cartesian coordinates are shown in some of the Figures 

for the sake of reference and are not intended to be limiting 
as to direction or orientation. 

In the discussion below, certain functions such as the 
line-image intensity profile, the annealing temperature and 
the thermal emission are time-varying and are denoted 
I,(x,t), T(x,t) and E(x,t), respectively. 

FIG. 1 is a schematic diagram of an example of a laser 
annealing system 10 according to the disclosure. The laser 
annealing system 10 is shown as unfolded for ease of 
illustration, i.e., as having a single optical axis A1. In 
practice, laser annealing system 10 is typically folded, as 
described below, to make the system compact while provid 
ing the proper beam orientations. For example, it is desirable 
to form the line image at an incident angle at or near the 
Brewster angle to minimize reflection. 
The laser annealing system 10 includes a laser system 20 

that emits an initial laser beam 22 along optical axis A1. In 
an example, laser system 20 includes an infrared (IR) laser, 
Such as a CO laser that emits radiation at a wavelength of 
nominally 10.6 um. Other suitable lasers include mid 
infrared fiber lasers, such as a thulium laser. 
The laser annealing system 10 also includes a beam 

conditioning system 30 arranged downstream of laser sys 
tem 20 and that includes one or more beam-conditioning 
elements, such as an attenuator, mirrors, lenses, etc. The 
beam-conditioning system 30 receives initial laser beam 22 
and forms therefrom a conditioned beam 32, which in an 
example is shown as being divergent and having wavefronts 
32W. In an example, beam-conditioning optical 30 can 
include lenses, mirrors, apertures, filters, active optical ele 
ments (e.g., variable attenuators, etc.) and combinations 
thereof. Example beam-conditioning optical systems 30 are 
disclosed in U.S. Pat. Nos. 7,514,305, 7,494.942, 7,399,945, 
6,366,308 and 8,014,427. 
The laser annealing system 10 also includes a beam 

redirecting element 40 arranged along axis A1 downstream 
of beam-conditioning system 30. The beam-redirecting ele 
ment 40 is arranged to received conditioned beam 32 and 
redirect the beam, i.e., send the beam in a direction different 
from its original direction of travel, as discussed in greater 
detail below. The redirection is schematically illustrated by 
arrow AR. One example of a beam-redirecting element 40 is 
or includes a movable mirror, while in another example the 
beam-redirecting element is or includes a movable lens 
element. The redirected conditioned beam is denoted 34, and 
the redirection arrow AR indicates the direction of travel of 
the redirected conditioned beam. 
The laser annealing system 10 further includes an aperture 

50. In an example, aperture 50 includes two opposing 
adjustable blades 52A and 52B that define an adjustable 
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opening 54 of width W centered on optical axis A1. Aperture 
50 is thus referred to hereinafter as “knife-edge aperture' 50. 
The knife-edge aperture 50 serves to pass only a portion 36 
of redirected conditioned beam 34. Stated differently, a 
portion 36W of redirected conditioned wavefronts 34W is 
passed by knife-edge aperture 50. In an example, blades 52A 
and 52B are adjustable (e.g., laterally movable) to change 
the size of opening 54. 

The laser annealing system 10 further includes a relay 
system 70 that is arranged along optical axis A1 and that has 
an object plane OP and an image plane IP. The knife-edge 
aperture 50 is arranged at object plane OP. The relay system 
70 receives the beam portion 36 that passes through knife 
edge aperture 50 and forms a line image 80 at image plane 
IP. The size (length) of line image 80 is L., i.e., the size of 
opening 54 of knife-edge aperture 50 when relay system 70 
has a magnification of 1 x (i.e., is a 1:1 relay system). A 
typical length L of line image 80 is in the range from 5 mm 
to 100 mm, while a typical width W is in the range from 25 
microns to 500 microns. 
The laser annealing system 10 further includes a Support 

stage 90 configured to operably Support a semiconductor 
wafer 100 that has an upper surface 102, which resides in 
image plane IP. In an example, semiconductor wafer 100 is 
made of silicon. 
The support stage 90 is movable so that line image 80 

scans over wafer upper Surface 102 in a direction perpen 
dicular to its long axis (i.e., in the y-direction), as shown in 
the close-up inset view of semiconductor wafer 100. This 
direction is referred to as the "scan direction,” while the 
perpendicular direction is referred to as the “cross-scan 
direction.” Using the coordinate system of the close-up 
inset, line image 80 has an intensity I, (x,y). However, the 
intensity variation in the cross-scan or X-direction is the 
main interest, so the line-image intensity profile is denoted 
as I(X). Further, as discussed below, the line-image intensity 
profile is time-varying and is thus denoted I(X,t). In cases 
where time is taken as being constant, I(X,t)->I(X). 

The laser annealing system 10 also includes a thermal 
emission detector 120 arranged to receive a thermal emis 
sion 122 from wafer upper surface 102 due to heating of the 
upper Surface by line image 80. In an example, line image 
80 brings the wafer upper surface 102 up to an annealing 
temperature T that in an example is in the range from 800° 
C. to just under the silicon melt temperature of about 1,400° 
C. In another example, 1,100° C.sTs 1,400°C., while in yet 
another example, 1,100° C.<Ts 1,300° C. In an example 
embodiment, thermal emission detector 120 includes a 
CMOS detector (e.g., a CMOS camera) having a spectral 
response that extends from a lower nominal wavelength 
W-450 nm to an upper nominal wavelength w850 nm. In 
another embodiment, thermal emission detector 120 com 
prises an InGaAs detector that includes an InGaAs array 
having a spectral response that extends from a lower nomi 
nal wavelength w850 nm to an upper nominal wavelength 
wi-1,250 nm. The upper nominal wavelength w, can be 
longer for doped wafers. 

In an example embodiment, Support stage 90 is moved so 
that wafer 100 moves relative to line image 80 such that the 
line image scans over wafer upper Surface 102 but remains 
stationary with respect to thermal emission detector 120. 

FIG. 2 is a more detailed schematic diagram of another 
example laser annealing system 10 wherein optical axis A1 
is folded using a number of different fold mirrors. The 
beam-redirecting element 40 comprises a mirror 40M that 
can rotate about the y-axis, so that redirected conditioned 
beam 34 is scanned relative to knife-edge aperture 50. The 
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6 
relay system 70 is shown as including a concave mirror 72 
and a number of fold mirrors 74 that direct beam portion 36 
to wafer surface 102 at an angle relatively to normal 
incidence. In an example, relay system 70 is a catoptric 
system, i.e., includes only mirrors. 
The thermal emission detector 120 is shown as being 

arranged to view wafer upper surface 102 and line image 80 
at normal incidence, though any angle can be used. In an 
example, thermal emission detector 120 is arranged so that 
it views wafer upper surface 102 at substantially the Brew 
ster angle, which is the angle at which the emissivity 
variations are minimized. The object plane OP and knife 
edge aperture 50 are shown at an angle relative to optical 
axis A1 since image plane IP and wafer upper surface 102 
also form an angle with the optical axis. 
The Thermal Emission Signal 

FIG. 3 is a plot of the black-body thermal emission 
intensity I (arbitrary units) versus wavelength w (nm). The 
upper and lower wavelengths w, and of CMOS-based 
thermal emission detector 120 are shown on the horizontal 
axis. Two curves are shown, with the solid-line curve 
representing a temperature of 1,300° C. and the dotted-line 
curve representing a temperature of 1,100° C. The cross 
hatched area represents the integrated thermal emission 
signal SE for the 1,300° C. curve. Other thermal emission 
detectors 120 can be used that view a different band of the 
thermal emission, i.e., have different upper and lower wave 
lengths w and W. Such as the InGaAs detector discussed 
above. 

FIG. 4 is a plot of the thermal emission signal SE 
(arbitrary units) from the CMOS-based thermal emission 
detector 120 versus temperature T (C.). The values of the 
thermal emission signal SE are shown as black circles, while 
the line through the black circles represents the best fit to the 
signal values. Over a typical range of annealing tempera 
tures T of between 800° C. and 1,300° C., the emission 
signal SE from CMOS-based thermal emission detector 120 
fits a T" power law, with the fit to the curve in FIG. 4 yielding 
a value for the exponent n=11.6. When the spectral response 
of CMOS-based thermal emission detector 120 and the 
associated optics is taken into account, the value of n is 
closer to 13. In an example embodiment, CMOS-based 
thermal emission detector 120 is a band-limited detector that 
operates in the visible to near-IR wavelength range and that 
has an exponent ne10. In an example, thermal emission 
detector 120 comprises a photo-multiplier tube (PMT) 
detector. 

Thus, detecting the emission signal SE, which represents 
an integrated measurement of the black-body power spectral 
density at the annealing temperature T, provides a very 
sensitive method of measuring the annealing temperature 
and its uniformity. Since the annealing temperature T is 
directly proportional to the intensity I(X) of line image 80, 
the emission signal SE provides for a sensitive measurement 
of the line-image intensity. In an example, a change in 
intensity of less than 1% can be detected. This is in contrast 
to a conventional commercial detector, which measures 
about a 5% change in intensity. 
An example thermal emission detector 120, along with a 

method of calculating a measured temperature T from the 
measured thermal emission E, is described in the aforemen 
tioned U.S. Patent Application Publication No. 2012/ 
O1 OO640. 

Because the line-image intensity profile I(X,t) is spatially 
varying and time-varying, the annealing temperature T is 
also spatially varying and time-varying and is denoted 
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T(x,t) and the thermal emission E is also spatially varying 
and time-varying and is denoted E(x,t). 
The laser annealing system 10 further includes a control 

ler 150 operably connected to beam-redirecting element 40 
and thermal emission detector 120. The controller 150 
receives thermal emission signal SE from and also controls 
the operation of beam-redirecting element 40. More particu 
larly, thermal emission signal SE serves as a feedback signal 
for reducing or Substantially eliminating the aforementioned 
time variations in the line-image intensity I(X,t) represen 
tative of the aforementioned beam instability. 

The controller 150 is programmable to perform functions 
described herein, and as used herein, the term “controller 
broadly refers to computers, processors, microcontrollers, 
microcomputers, programmable logic controllers, applica 
tion-specific integrated circuits and other programmable 
circuits. In an example, controller 150 executes instructions 
embodied in a computer-readable medium that cause the 
controller to control the movement of beam-redirecting 
element 40. In an example, controller 150 is configured to 
receive thermal emission signal SE and determine a line 
image intensity I(X,t). In an example, this determination 
involves first determining the annealing temperature profile 
T(x,t) and then converting this profile to the line-image 
intensity I(X,t) using the above-described relationships 
between thermal emission and temperature and intensity. 

In an example, controller 150 includes an emission-to 
temperature logic unit (“E/T logic') 154 electrically con 
nected to thermal emission detector 120. The E/T logic 154 
is configured to receive the measured emission signal SE, 
convert the measured emission E to a measured temperature 
T and output a corresponding measured temperature signal 
ST. The measured temperature signal ST represents an 
average measured temperature, as calculated from measured 
emission signal SE. The average is taken over a time 
window determined by the bandwidth of thermal emission 
detector 120 and measured emission signal SE. 
The measured emission signal SE can include spikes due 

to variations in die emissivity. These spikes will show up in 
the measured temperature signal ST if they are not Sup 
pressed. Consequently, in an example embodiment, E/T 
logic 154 is electrically connected to a low-pass filter (LPF) 
156 that low-pass filters measured temperature signal ST to 
form a low-pass filtered (“filtered') measured temperature 
signal ST. In an example, LPF 156 is formed from a 
signal-processing device Such as a field-programmable gate 
array (FPGA) that performs a running average or a spike 
Suppression algorithm in addition to performing low-pass 
filtering. In an example, LPF 156 can be a notch filter (or E/T 
logic 154 can include a separate notch filter) configured to 
Suppress pattern emissivity variations at a specific spatial/ 
electrical frequency based on the die layout. 
Beam Instability 

Measured data of the magnitude M(t) of the slope of the 
line-image intensity profile I(X,t) as a function of frequency 
f (HZ) has a general 1/f shape that is characteristic of a 
random fluctuation. The data show that the beam-slope 
magnitude drops to essentially Zero for frequencies f>50 Hz. 

FIGS. 5A through 5C are plots of the line-image intensity 
I(X,t) (detector counts) versus the distance X (mm) along the 
long axis of the line image 80 at different times t, such as at 
t=0, t—At and t=2. At. The value of At can be, for example, 
At 0.2s. FIG. 5A shows a normal example of a line-image 
intensity profile I(X,t) that rises steeply at the respective 
ends of line image 80 and that includes a center portion of 
substantially uniform (flat) intensity. FIGS. 5B and 5C show 
examples of the line-image intensity profile I(X,t) where the 
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8 
normally central flat portion of the curve has a slope, 
wherein one side of the line image 80 increases in intensity 
and the other side diminishes in intensity so that the intensity 
profile I(x,t) oscillates between that shown in FIGS. 5B and 
SC. 

FIGS. 6A and 6B are close-up views of beam-redirecting 
member 40 of FIG. 1 shown as oriented at redirection (tilt) 
angles of +0 and -0, respectively. The result of the different 
redirection angles is that different portions of redirected 
conditioned beam 34 pass through opening 54 of knife-edge 
aperture 50. In particular, as shown in FIG. 6A, redirected 
conditioned beam 34 is redirected upward so that the lower 
portion of the beam (i.e., the lower portion of wavefronts 
34W) passes through opening 54. Likewise, as shown in 
FIG. 6B, redirected conditioned beam 34 is redirected 
downward so that the upper portion of the beam (i.e., the 
upper portion of wavefronts 34W) passes through opening 
54. 
The effect of the tilt angle 0 on the line-image intensity 

profile I(X) is illustrated in the simulated profiles of FIGS. 
7A and 7B. In FIG. 7A, the arrow shows the direction of 
change from 0–0 to greater positive angles +0 (i.e., increas 
ing positive tilt), while in FIG. 7B the arrow shows the 
direction of change from 0–0 to greater negative angles -0 
(i.e., increasing positive tilt). The required rotational angles 
depend strongly upon the distance between the rotating 
mirror and the knife edges. In a typical embodiment, the 
angular adjustments are less than 1 degree, and can be less 
than 0.1 degrees. 
The two plots show that the direction of the tilt angle 

causes a change in the slope M of the line-image intensity 
profile I(X). This characteristic is exactly what is needed to 
counter the adverse effects of beam instability. In particular, 
the tilt angle 0 can be adjusted based on the measured 
variations in intensity of line image 80 (i.e., the measured 
intensity profile I(X)). 

In the operation of laser annealing system 10, as discussed 
above laser system 20 generates laser beam 22, which is 
conditioned by beam-conditioning system 30 to form con 
ditioned beam 32. The conditioned beam 32 is incident upon 
beam-redirecting element 40, which forms redirected con 
ditioned beam 34, which is incident upon knife-edge aper 
ture 50. In an example, beam-redirecting element 40 is 
oriented such that conditioned beam 32 is not redirected, i.e., 
travels straight along optical axis A1. It is assumed for the 
moment that beam-redirecting element 40 is not yet active 
so that the redirected conditioned beam 34 actually travels 
straight down optical axis A1 and is incident upon knife 
edge aperture 50. In this situation, the center portions of 
wavefronts 34W pass through opening 54 of knife-edge 
aperture 50 to define portion 36 of redirected conditioned 
beam 34. The portion 36 is what gets relayed by relay system 
70 to form line image 80. 
As line image 80 is scanned over wafer upper surface 102, 

it locally heats the upper Surface to the annealing tempera 
ture T(x,t). The intensity profile I(X) gives rise to the 
time-varying thermal emission profile E(x,t) from the locally 
heated wafer upper surface 102. The (integrated) thermal 
emission profile E(x,t) is captured by thermal emission 
detector 120 and is embodied in emission signal SE, which 
is sent to controller 150 for processing. The controller 150 
uses the above-described relationship E=T" between the 
thermal emission and the temperature to determine an 
annealing temperature profile T(x,t) to relatively high accu 
racy. The temperature profile T(x,t) so obtained is then used 
to determine the line-image intensity profile I(X,t). 
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A change in the line-image intensity profile is calculated 
and then beam-redirecting element 40 is adjusted to com 
pensate for the change, i.e., to introduce an intensity varia 
tion that in turn introduces an intensity variation the counters 
the change. In one example, the measurement of the change 
in the line-image intensity profile is a slope M(t). In this 
case, beam-redirecting element 40 is adjusted to introduce 
an intensity variation that in turn introduces an intensity 
slope of the opposite sign to the measured slope. 

Slope is perhaps the simplest change to the line-image 
intensity profile to measure and so is discussed herein by 
way of example. However, other changes can be measured 
that can quantify the asymmetry in the line-image intensity 
profile that arises due to beam instability. For example, the 
amount of skew or the Gaussian third moment of the 
line-image intensity profile can be measured. 
As discussed above in connection with FIGS. 6A and 6B 

and FIGS. 7A and 7B, compensating for the change in the 
intensity profile can be accomplished in one example by 
providing a selectangular rotation 0 to mirror 40M (see FIG. 
2) via a redirecting signal SR. In an example, the relation 
ship between the amount of angle rotation 0 and the induced 
slope M in the line-image intensity profile I(X,t) is estab 
lished using known optical modeling techniques and com 
mercially available optical system design and modeling 
software. In another example, the relationship between the 
rotation angle 0 and the induced slope M is established 
empirically for the given configuration of laser annealing 
system 10. 

Using this concept, the beam profile can be stabilized as 
long as the feedback loop rate is sufficiently high compared 
to the frequency fof the change in slope M of the line-image 
intensity I(X,t). In one implementation wherein the fre 
quency fof the change in slope M of the line-image intensity 
I,(x,t) is within 50 Hz, the feedback control loop from 
thermal emission detector 120 to controller 150 to beam 
deflecting element 40 can be operated with sufficient speed 
to reduce or substantially eliminate the adverse effects of 
beam instability on the uniformity of the annealing tempera 
ture T(x,t). Example measurements of the uniformity of the 
laser annealing temperature T(x,t) for laser annealing sys 
tem 10 were made both with and without beam-stabilizing 
feedback control. Without the beam-stabilizing feedback 
control, the uniformity of the annealing temperature T(x,t) 
was measured to be about 2.75%. With the feedback control, 
the annealing temperature uniformity was measured to be 
about 1.56%. 

Thus, an aspect of the disclosure is directed to a method 
of reducing a time-varying change (e.g., slope M(t)) of the 
line-image intensity profile I(X,t) formed during laser 
annealing of upper surface 102 of semiconductor wafer 100 
using system 10. The method includes the following acts a) 
through f): 

a) directing conditioned laser beam 32 to beam-redirect 
ing element 40 so that the conditioned laser beam passes 
through opening 54, which defined by a knife-edge aperture 
blades 52A and 52B: 

b) forming line image 80 on wafer upper surface 102 by 
imaging knife-edge aperture 50 on the wafer upper Surface, 
thereby locally heating the Surface to form time-varying 
annealing temperature distribution T(x,t); 

c) detecting a time-varying integrated thermal emission 
E(x,t) over a wavelength band (e.g., from about 450 nm 
to about 850 nm for CMOS detectors or from about 
2-900 to about 1,200 nm for InGaAs detectors) from 
the locally heated wafer surface; 
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10 
d) determining the time-varying annealing temperature 

distribution T(x,t) from the detected time-varying inte 
grated thermal emission E(x,t); 

e) determining from the time-varying annealing tempera 
ture distribution T(x,t) the time-varying change (e.g., the 
slope M(t)) of the line-image intensity profile I(X,t); and 

f) adjusting beam-redirecting element 40 at a frequency 
fef to redirect conditioned beam 32 relative to opening 54 
in knife-edge aperture 50 to reduce or eliminate the time 
varying change (slope M(t)) of the time-varying line-image 
intensity profile I(X,t). Here, f is the maximum frequency 
observed in the Fourier spectrum of the beam slope varia 
tion. In an example, fe10-f. Thus, in one example, the 
adjusting of beam-redirecting element 40 is carried out at a 
frequency fof up to 500 Hz. 

In an example embodiment of the method, acts d) and e) 
as described above are carried out in controller 150, which 
includes instructions embodied in a computer-readable 
medium (e.g., Software) that cause the controller to calculate 
the time-varying annealing temperature distribution T(x,t) 
and the time-varying slope M(t) of the line-image intensity 
profile I(X,t), wherein the controller sends control signal SR 
to beam-redirecting element 40 to initiate act f) relating to 
the adjusting of the beam-redirecting element. 

It will be apparent to those skilled in the art that various 
modifications to the preferred embodiments of the disclosure 
as described herein can be made without departing from the 
spirit or scope of the disclosure as defined in the appended 
claims. Thus, the disclosure covers the modifications and 
variations provided they come within the scope of the 
appended claims and the equivalents thereto. 

What is claimed is: 
1. A method of forming a line image during laser anneal 

ing of a Surface of a semiconductor wafer, comprising: 
directing a conditioned laser beam in a first direction 

through an opening in an aperture using a beam 
redirecting element; 

forming a line image on the Surface of the semiconductor 
wafer by imaging the aperture onto the Surface using 
the conditioned laser beam, thereby locally heating the 
Surface to form an annealing temperature distribution; 

detecting thermal emissions from the locally heated wafer 
Surface; 

determining the annealing temperature distribution from 
the detected thermal emissions; 

determining from the annealing temperature distribution a 
line-image intensity profile that includes a time-varying 
amount of slope; and 

adjusting the beam-redirecting element to redirect the 
conditioned laser beam to travel in a second direction 
through the opening in the aperture to reduce or elimi 
nate the time-varying amount of slope in the line-image 
intensity profile. 

2. The method according to claim 1, wherein the adjusting 
of the beam-redirecting element includes rotating a mirror. 

3. The method according to claim 1, wherein detecting the 
thermal emissions includes capturing the thermal emission 
with either a CMOS detector, an InGaAs detector or a 
photomultiplier tube. 

4. The method according to claim 1, wherein the captured 
thermal emissions comprise an integrated measurement of a 
black-body emission intensity over a wavelength range from 
a lower wavelength w =450 nm to an upper wavelength 
W =850 nm. 

5. The method according to claim 1, wherein the captured 
thermal emissions comprise an integrated measurement of a 
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black-body emission intensity over a wavelength range 
from a lower wavelength J =900 nm to an upper wave 
length w = 1,200 nm. 

6. The method according claim 1, wherein the annealing 
temperature distribution includes an annealing temperature 
T in the range from 800° C. T 1400° C. 

7. The method according to claim 1, wherein the semi 
conductor wafer is made of silicon. 

8. The method according to claim 1, wherein the condi 
tioned laser beam has a wavelength of either 10.6 microns 
or 2 microns. 

9. The method according to claim 1, wherein the aperture 
is a knife-edge aperture, and wherein imaging the aperture 
onto the Surface includes imaging the knife-edge aperture 
with a 1:1 relay system. 

10. The method according to claim 1, wherein detecting 
the thermal emissions is performed using a thermal emission 
detector operably arranged relative to the wafer surface, and 
further comprising moving the wafer relative to the line 
image so that the line image scans over the wafer surface but 
remains stationary with respect to the thermal emission 
detector. 

11. The method according to claim 1, wherein the adjust 
ing of the beam-directing element is performed at a fre 
quency of up to 500 Hz. 

12. A method of reducing a time-varying change of an 
intensity profile of a line image formed during laser anneal 
ing of a surface of a semiconductor wafer, comprising: 

a) directing a conditioned laser beam to a beam-redirect 
ing element so that the conditioned laser beam passes 
in a first direction through an opening defined by an 
aperture; 

b) forming a line image on the surface of the semicon 
ductor wafer by imaging the aperture on the wafer 
Surface using the conditioned laser beam, thereby 
locally heating the surface to form a time-varying 
annealing temperature distribution; 

c) detecting a time-varying integrated thermal emissions 
over a wavelength band from the locally heated wafer 
surface; 

d) determining the time-varying annealing temperature 
distribution from the detected time-varying integrated 
thermal emissions; 

e) determining from the time-varying annealing tempera 
ture distribution the time-varying change in the line 
image intensity profile; and 

f) adjusting a beam-redirecting element to redirect the 
conditioned laser beam to travel in a second direction 
relative to the opening in the aperture to reduce or 
eliminate the time-varying change of the line-image 
intensity profile. 

13. The method according to claim 12, wherein: 
acts d) and e) are carried out in a controller that includes 

instructions embodied in a non-transitory computer 

10 

15 

25 

30 

35 

40 

45 

50 

12 
readable medium that cause the controller to calculate 
the time-varying annealing temperature distribution 
and the time-varying change of the line-image intensity 
profile; and 

wherein the controller sends a control signal to the 
beam-redirecting element to initiate act f). 

14. The method according to claim 13, wherein the 
beam-redirecting element comprises a mirror, and wherein 
said adjusting of the beam-redirecting element comprises 
rotating the mirror over a range of rotation angles Obetween 
+/-1 degree. 

15. The method according to claim 12, wherein the 
time-varying change includes a time-varying slope of the 
line-image intensity profile. 

16. The method according to claim 12, wherein the 
aperture is defined by opposing adjustable knife edges. 

17. A method of forming a line image during laser 
annealing of a surface of a semiconductor wafer, compris 
1ng: 

directing a conditioned laser beam in a first direction 
through an opening in an aperture; 

forming a line image on the surface of the semiconductor 
wafer by imaging the aperture onto the surface using 
the conditioned laser beam, thereby locally heating the 
Surface to form an annealing temperature distribution; 

detecting thermal emissions from the locally heated wafer 
surface; 

determining the annealing temperature distribution from 
the detected thermal emissions; 

determining from the annealing temperature distribution a 
line-image intensity profile that includes a time-varying 
amount of change; and 

redirecting the conditioned laser beam to travel in a 
second direction through the opening in the aperture to 
reduce or eliminate the time-varying amount of change 
in the line-image intensity profile. 

18. The method according to claim 17, wherein the acts of 
directing and re-directing are performed using a beam 
redirecting element. 

19. The method according to claim 18, wherein the 
beam-redirecting element comprises either a movable mirror 
or a movable lens element. 

20. The method according to claim 17, wherein the 
aperture comprises a knife-edge aperture. 

21. The method according to claim 20, wherein the act of 
imaging the aperture onto the surface includes imaging the 
knife-edge aperture with a relay system. 

22. The method according to claim 21, wherein the relay 
System has a magnification of 1x. 

23. The method according to claim 17, wherein the 
time-varying amount of change in the line-image intensity 
profile is measured using one of a slope, a skew or a 
Gaussian third moment. 
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